activate and phosphorylate the key mediators of TCR signaling, such as linker for activation of T cells (LAT), which serves as a nucleation center for downstream signaling molecules.
The engagement of the TCR takes place at the conjunction between a T cell and an APC, known as the immunological synapse (IS). The IS is characterized by the segregation of membrane receptors and intracellular molecules into three ring-like structures: central supramolecular activation cluster (cSMAC), composed of TCR and protein kinase C (PKC) θ; peripheral SMAC, formed by lymphocyte function-associated antigen 1; and distal SMAC, rich in actin and CD45 (Monks et al., 1998; Grakoui et al., 1999) . Upon TCR engagement, signaling events are initially generated and propagated in TCR microclusters in the periphery of the synapse. Subsequently, the TCR microclusters are translocated to the cSMAC for termination of signaling, potentially via multivesicular body (MVB)-mediated lysosomal degradation of TCRs (Varma et al., 2006; Vardhana et al., 2010) .
Protein-lipid interactions are important for the dynamics of the IS (Gagnon et al., 2012; Le Floc'h et al., 2013) . Several studies indicate that anionic lipids, especially phosphatidylserine (PS), are involved in the binding of the cytoplasmic domain of CD3ε and CD3ζ to the cell membrane (Xu et al., 2008; , which in turn regulates their function. Likewise, many TCR downstream molecules, such as PKCθ and AKT (Melowic et al., 2007; Huang et al., 2011) , rely on lipid binding for their full activation, highlightIn chronic infection, t cells become hyporesponsive to antigenic stimulation to prevent immunopathology. Here, we show that tMEM16F is required to curb excessive t cell responses in chronic infection with virus. tMEM16F-deficient t cells are hyperactivated during the early phase of infection, exhibiting increased proliferation and cytokine production. Interestingly, this overactivation ultimately leads to severe t cell exhaustion and the inability of the host to control viral burden. Mechanistically, we identify tMEM16F as the dominant lipid scramblase in t lymphocytes that transports phospholipids across membranes. tMEM16F is located in late endosomes, where it facilitates the generation of multivesicular bodies for tcr degradation and signal termination. consequently, tMEM16F deficiency results in sustained signaling and augmented t cell activation. our results demonstrate that scramblase restricts tcr responses to avoid overactivation, ensuring a well-balanced immune response in chronic infectious disease.
Scramblase TMEM16F terminates T cell receptor signaling to restrict T cell exhaustion
Yu Hu, 1 ing the possibility that altering lipid distribution affects T cell activation. Interestingly, antigen stimulation has been shown to trigger local changes of PS in TCR microclusters (Gagnon et al., 2012) . However, the functional consequences of active lipid regulation with regard to T cell activation are unknown.
Lipid distribution is regulated by three types of lipid translocases: flippase, which translocates lipids from the outer to the inner leaflet of the cell membrane; floppase, which is an outwardly directed translocase; and scramblase, which is activated by Ca 2+ and facilitates lipid transport across the membrane in a bidirectional fashion (Hankins et al., 2015) . Flippase and floppase are mainly required for the ATP-dependent maintenance of asymmetric phospholipid distribution in membrane bilayers. With >90% of PS located in the inner leaflet of the membrane, it is unlikely that inactivation of these two lipid transporters induces rapid and robust redistribution of PS (Bevers and Williamson, 2010) . Therefore, to study the active regulation of lipid redistribution, we focus our work on the well-defined lipid scramblase transmembrane protein (TMEM) 16F (Suzuki et al., 2010; Yang et al., 2012; Ehlen et al., 2013; Ousingsawat et al., 2015) . TMEM16F, also called Anoctamin 6, was initially identified as a Ca 2+ -dependent scramblase by expression cloning and shown to mediate lipid transport across membranes (Suzuki et al., 2010) . Of note, Scott syndrome, an inherited bleeding disorder caused by defective phospholipid scramblase activity and lack of PS exposure on platelets (Weiss et al., 1979) , was linked to loss-of-function mutations in the TMEM16F gene (Suzuki et al., 2010; Castoldi et al., 2011) . Emerging evidence suggests that TMEM16F may have a dual function as Ca 2+ -dependent phospholipid scramblase and Ca 2+ -gated ion channel (Malvezzi et al., 2013; Brunner et al., 2014) .
Here, we show that TMEM16F is the dominant scramblase in T cells and controls TCR-induced MVB formation. Moreover, we demonstrate that TMEM16F deficiency leads to an accumulation of activated TCRs and associated signaling molecules caused by impaired generation of MVBs. Remarkably, sustained TCR signaling causes severe exhaustion of T cells in chronic virus infection, which in turn leads to uncontrolled viral replication. These findings reveal a vital role of scramblase TMEM16F in termination of T cell activation, highlighting the importance of active lipid regulation to develop balanced immune responses.
rEsults tMEM16F is the dominant lipid scramblase in t cells
To test our hypothesis whether active regulation of lipid distribution controls the activation of T lymphocytes, we investi- IFN-γ (A and B) , and surface CD25 (C) of CD8 T cells activated by GP33. Quantification of IFN-γ-producing cells is shown in (B). MFI, mean fluorescence intensity. Results are displayed as mean ± SEM. *, P < 0.05; **, P < 0.01; ns, not significant, using Student's t test. B, n = 6; C, n = 3. (D) Phosphorylation of LAT and ERK induced by GP33 stimulation was detected by immunoblot of splenocytes from KO or WT mice. Data are representative of at least two experiments.
gated the impact of scramblase on T cell stimulation. First, we determined the expression of TMEM16F in T cells. Immunoblot data showed that thymocytes from WT mice expressed TMEM16F, whereas it was absent in TMEM16F-deficient cells (Fig. 1 A) . To examine Ca 2+ -dependent scramblase activity, we incubated lymphocytes with a calcium ionophore (A23187) to induce exposure of PS on the cell surface. We found that CD8 T cells lacking TMEM16F completely fail to scramble PS (Fig. 1 B) . TMEM16F was also required for scrambling in CD4 T cells, although a minor subpopulation seemed to be TMEM16F-independent (Fig. 1 B) . In contrast, TMEM16F did not facilitate PS exposure on B cells (Fig. 1 B) . Thus, TMEM16F is the dominant scramblase in T lymphocytes.
lack of tMEM16F amplifies t cell activation Next, we investigated the effect of TMEM16F deficiency on T cell activation. To generate an antigen-specific system, we crossed TMEM16F-KO mice with P14-transgenic animals that express a TCR specific for glycoprotein GP33 from lymphocytic choriomeningitis virus (LCMV). After stimulation of splenocytes with an antigen, GP33 peptide, we observed that IFN-γ production by naive TMEM16F-deficient CD8 T cells was significantly increased (Fig. 2, A and B) . Surface expression of the activation marker CD25 was similarly augmented on T cells lacking TMEM16F (Fig. 2 C) . In parallel, we analyzed TCR downstream signaling to gain in-depth resolution of T cell stimulation. TMEM16F-deficient T cells showed stronger and sustained phosphorylation of LAT and ERK (extracellular signal regulated kinase), proximal and distal molecules in the TCR signaling cascade, respectively (Fig. 2 D) . Notably, TMEM16F was not essential for the increase of intracellular calcium triggered by TCR stimulation (Fig. S1 ). Collectively, our data demonstrate that lack of TMEM16F causes increased T cell activation upon antigen stimulation.
Increased t cell activation in tMEM16F-Ko mice during early phase of chronic infection
Fine-tuning of T cell activation is crucial for effective immune responses. Persistent activation can lead to T cell exhaustion as seen in chronic viral infections (Wherry, 2011) . Because we found sustained TCR signaling and over-activation of T cells in the absence of TMEM16F, we next addressed the disease relevance of this mechanism, namely the immune response and protection against chronic viral infection in TMEM16F-deficient animals. First, we excluded an effect of TMEM16F on T cell development. Numbers of CD8 and CD4 T cells in thymus and peripheral lymphatic organs, as well as frequencies of regulatory T (T reg) cells and iNKT cells, proved to be normal in TMEM16F-KO mice compared with WT littermate controls (Fig. S2) . Next, we performed chronic infection with LCMV clone 13 and found increased frequencies of antigen-specific CD8 and CD4 T cells in TMEM16F-deficient mice within the first week after infection (Fig. 3, A and B) . Increased activation of TMEM16F-deficient T cells was reflected by their augmented proliferation early after infection (Fig. 3 C) . Although WT controls returned to background levels, T cells lacking TMEM16F remained highly proliferative at day 21 after infection ( Fig. 3 C) . In addition, T cells in TMEM16F-KO animals produced higher amounts of IFN-γ (Fig. 3 D) . Increased T cell activation was not caused by an altered T reg cell compartment (Fig. S3) or expression of type I IFN (Fig. S4) . In this study, we demonstrate that restriction of TCR signaling by TMEM16F prevents excessive T cell responses during the early phase of chronic infection. tMEM16F deficiency causes severe t cell exhaustion Because persistent T cell stimulation can lead to dysfunctional T cell responses, we subsequently examined T cell exhaustion at later stages of chronic infection. We found significantly increased expression of the exhaustion marker PD-1 on CD8 T cells from TMEM16F-deficient animals (Fig. 4, A and B) . After stimulation with different CD8 T cell antigenic epitopes, coproduction of IFN-γ and TNF was strikingly decreased GP33, or PMA and Ionomycin (P+I) . n = 4 for WT; n = 5 for KO. Results are displayed as mean ± SEM of two independent experiments. *, P < 0.05; **, P < 0.01; ns, not significant, using Student's t test.
when TMEM16F was lacking (Fig. 4, C and D) . Similarly, antigen-specific CD4 T cells expressed higher amounts of PD-1, and produced less cytokines (Fig. 4, E-H) . Thus, our data indicate that initial and sustained T cell overactivation causes severe T cell exhaustion in TMEM16F deficiency. In chronic LCMV infection, antiviral T cell responses are controlled and balanced by two T cell populations: T-bet hi and Eomes hi cells (Kao et al., 2011; Paley et al., 2012; Staron et al., 2014) . T-bet hi cells represent a pool of precursors, and Eomes hi cells are a terminally differentiated population. As persistent antigenic stimulation is linked to the transition of T-bet hi to Eomes hi cells (Kao et al., 2011; Paley et al., 2012) , TMEM16F deficiency may break the balance between those two populations to eventually deplete T-bet hi cells. As anticipated, later in chronic infection, T-bet expression was diminished whereas Eomes was complementarily increased in TMEM16F-deficient cells, indicating terminal differentiation of T cells (Fig. 4, I and J). To confirm that TMEM16F acted directly in CD8 T cells, we generated BM chimera using Rag1 −/− mice as recipients. Consistently, during chronic infection, TMEM16F-deficient CD8 T cells were severely exhausted (Fig. 5 , A-C). This defect proved to be T cell-intrinsic, as TMEM16F-deficient CD8 T cells exclusively failed to produce cytokines compared with WT in chronic infection of mixed BM chimera (Fig. 5 D) . Moreover, the T-bet hi precursor pool was largely depleted when TMEM16F was lacking Results are displayed as mean ± SEM of two to five independent experiments. Student's t test was used. *, P < 0.05; **, P < 0.01; ****, P < 0.0001. (Fig. 5 E) . Collectively, our results indicate that TMEM16F is vital to protecting T lymphocytes from severe exhaustion during chronic infection.
tMEM16F is required for control of chronic virus infection
Taking into account that the balance of T-bet hi and Eomes hi cell populations is vital to maintain the cytotoxic T lymphocyte (CTL) pool (Paley et al., 2012) , we observed a reduced number of antigen-specific CD8 T cells in TMEM16F-KO mice ( Fig. 6 A) . Because it is well established that CD8 T cells are essential to control LCMV clone 13 infection, the impaired maintenance of the CTL pool in TMEM16F-KO mice suggests an insufficiency to resolve the infection. In WT mice, virus in blood and tissues, such as the liver, was cleared 2 mo after infection (Fig. 6 B) . However, TMEM16F deficiency leads to uncontrolled viremia ( Fig. 6 B) , as well as failure of virus clearance in tissues (Fig. 6, C and D) . Our results indicate that TMEM16F is critical to maintain a partial but effective antiviral T cell response to limit chronic virus infection.
tMEM16F is recruited to the Is and resides in late endosomes
To elucidate the molecular mechanism behind how TMEM16F controls T cell activation, we next tracked its cellular localization and function. To this end, T cells transduced with fluorescent TMEM16F were co-cultured with antigen-presenting B cells. After antigen stimulation, TMEM16F was recruited to the IS as revealed by confocal microscopy ( Fig. 7 A) . Of note, TMEM16F appeared mainly in intracellular structures instead of the plasma membrane ( Fig. 7 A) .
To kinetically demonstrate the recruitment of TMEM16F to the TCR activation site, we used TIRF (total internal reflection fluorescence) microscopy to visualize membrane proximal events of T cells on stimulatory coverslips (Fig. 7 , B and C; and Video 1). TMEM16F was found to be highly motile, with a velocity reaching up to 1.5 µm/s, a speed similar to vesicle trafficking (Video 1). To test the mechanics of TMEM16F-positive vesicle movement, we performed TIRF live imaging while modulating the functions of the cytoskeleton. Inhibition of actin-myosin contractions by blebbistatin did not alter recruitment of TMEM16F to the T cell activation site (Fig. 7, D and E; and Video 2) . In contrast, treatment with nocodazole that disrupts the microtubule network reduced migration of TMEM16F vesicles, indicating the movement of TMEM16F was largely mediated by microtubules but not actin (Fig. 7, D and E; and Video 2) . Therefore, to precisely define the subcellular compartment of TMEM16F, we assessed its co-localization with endosomal reporters in T cells, using image series taken from TIRF microscopy. Accordingly, Rab7 largely co-localized with TMEM16F, indicating that it mainly resides in late endosomes ( Fig. 8 A and Video 3). As controls, TMEM16F did not co-localize with the early endosomal marker Rab5 (Fig. 8 B and Video 4), or with Rab11, which labels recycling endosomes (Fig. 8 C and Video 5) . Moreover, the localization of TMEM16F in a Rab7-positive compartment was independent of T cell activation status (Fig. 8 D) . However, the abundance of TMEM16F in late endosomes increased upon TCR triggering (Fig. 8 D) . In all, these find- WT or TMEM16F-deficient BM chimeric mice were i.v. infected with 4 × 10 6 pfu LCMV clone 13 and sacrificed at day 150 after infection. Expression of PD-1 (A) and T-bet and Eomes (C) in GP33-tetramer-positive CD8 T cells, and cytokine production in CD8 T cells after stimulation with GP33 (B) were analyzed by flow cytometry. n = 4 for WT; n = 3 for KO. (D and E) Mixed BM chimera were infected as in A-C. Mice were sacrificed at day 150 after infection. Cytokine production in WT or KO CD8 T cells after stimulation with GP33 in D, and expression of T-bet and Eomes in GP33-tetramer-positive CD8 T cells in E, were determined by flow cytometry. n = 4 for each group. MFI, mean fluorescence intensity. Results are displayed as mean ± SEM of at least two independent experiments. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001; ns, not significant, using Student's t test.
ings reveal an unexpected localization of TMEM16F in late endosomes, pointing to the existence of an unidentified endosomal mechanism for TCR signal termination. tMEM16F is involved in MVB formation upon tcr engagement Late endosomes are also known as MVBs, which are unique compartments that contain intraluminal vesicles (ILVs). The major role of MVBs is to degrade their contents via fusion with lysosomes. In T cells, MVBs have been associated with TCR degradation and signal termination (Varma et al., 2006; Vardhana et al., 2010) . To address the impact of TMEM16F on MVB formation, we performed stainings for lysobisphosphatidic acid (LBPA), a marker for ILVs (Kobayashi et al., 1998) . Interestingly, stimulation through the TCR greatly increased the number of LBPA-positive vesicles in T cells (Fig. 9, A and B) , indicating that TCR signaling enhances MVB formation. To evaluate whether TMEM16F is involved in this process, we performed knockdown of TMEM16F in T cells using shRNA. Lack of TMEM16F had no impact on the amount of LBPA-containing vesicles in unstimulated T cells, however, after TCR stimulation, the increase in LBPA-positive vesicles in controls was abrogated in TMEM16F-silenced T cells (Fig. 9 C) . Because the occurrence of ILVs in endosomes defines MVBs, we subsequently investigated the ultrastructure of the endosomal compartment in T cells lacking TMEM16F. Analysis by electron microscopy revealed a significantly reduced number of ILVs per MVB in TMEM16F-deficient T cells (Fig. 9, D and E) . After a classification of different MVB maturation stages (Vogel et al., 2015) , we found that MVB1, characterized by electron-translucent lumen and ≤3 ILVs, was strikingly more abundant in the absence of TMEM16F (Fig. 9 F) . Consequently, MVB2 (translucent lumen, >3 ILVs) and especially mature MVB3 (stained vacuole, >3 ILVs) were less numerous in TMEM16F-deficient T cells (Fig. 9 F) , showing that a defect in TMEM16F delays the progression of MVB development. Collectively, these data demonstrate that TMEM16F is involved in the increased generation of MVBs upon T cell activation.
Impaired csMAc formation and sustained tcr signaling in tMEM16F-deficient t cells
Because functional MVBs are involved in the development of the IS center where TCRs accumulate for signal termination (Varma et al., 2006; Vardhana et al., 2010) , we next investigated the impact of TMEM16F on cSMAC formation. Confocal microscopy, followed by 3D reconstruction of the contact site between antigen-presenting B cells and responding T cells was performed to visualize the IS en face (Fig. 10, A and B) . In control cells, the cSMAC formed as a dense spot of TCRs. In contrast, in TMEM16F-deficient T cells, TCRs remained in the periphery and failed to translocate to the IS center (Fig. 10 A) . A defect in cSMAC formation has been shown to cause chronic TCR signaling (Vardhana et al., 2010) . Thus, to functionally detect active TCR signaling, we transduced T cells with the SH2 domain of ZAP70 that specifically binds to phosphorylated tyrosine residues in the CD3 signaling units of TCRs (Yudushkin and Vale, 2010) . Using real-time TIRF microscopy, we demonstrate that active TCR signaling is sustained in TMEM16F-deficient T cells (Fig. 10, C and D; and Video 6). To further evaluate key events in TCR signal transduction, we examined the dynamics of LAT microclusters at the TCR activation site. Notably, dissolution of these microclusters indicates signal termination. In accordance with our findings of increased LAT phosphorylation in T cells lacking TMEM16F (Fig. 2 D) , live imaging revealed an increase of newly formed LAT microclusters in TMEM16F-deficient T cells (Fig. 10, E and F; Video 7) . Moreover, whereas LAT microclusters subsided in control cells minutes after T cell activation, they were stable over time in T cells deficient for TMEM16F (Fig. 10 , E and F; and Video 7). Together, these results reveal that TMEM16F is important in termi- 6 pfu LCMV clone 13 and sacrificed at day 150 after infection. Virus loads in kidney and liver of BM chimeric mice were determined by focus assay. LOD, limit of detection. n = 4 for WT; n = 3 for KO. Results are displayed as mean ± SEM of two to three independent experiments. Student's t test was used. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
nating TCR signaling by promoting cSMAC formation and subsequent degradation of active TCRs and associated signaling molecules. dIscussIon Our work presents a novel mechanism to terminate TCR signaling by lipid scramblase TMEM16F. We propose that TCR engagement, via increased intracellular Ca 2+ levels, activates scramblase TMEM16F in late endosomes to mediate the formation of MVBs. Newly generated MVBs sequester intracellular TCR signaling complexes for subsequent lysosomal degradation to terminate T cell activation. This TMEM16F-mediated checkpoint determines the duration of signaling and the proper ratio of T-bet hi to Eomes hi effector T cells to facilitate virus clearance. In the absence of TMEM16F, generation of MVBs is hampered, TCR signaling molecules accumulate, and T cell activation is sustained. Breaking the TMEM16F checkpoint leads to prolonged signaling that shifts the balance toward terminally differentiated Eomes hi T cells and ultimate loss of virus protection (Fig. S5) .
We identified an unexpected localization of TMEM16F in endocytic compartments of T cells, which will provide novel mechanistic insights into endosomal lipid regulation and its functional consequences for cell signaling. Accordingly, regulation of PS exposure was thought to be restricted to the plasma membrane. Based on our findings, endosomes may be used as an extra pool, providing PS for accumulation on the outer leaflet of the plasma membrane. Indeed, previous studies have shown that calcium-mediated endosomal trafficking contributes to PS exposure upon apoptosis induction (Lee et al., 2013) . However, because TMEM16F is dispensable for PS exposure during apoptosis (Segawa et al., 2014) , the contributions of the endosomal pool to TMEM16F-dependent PS exposure remain to be evaluated.
Increasing evidence indicates that endosomes are not simply recipients of internalized receptors, but also sorting stations for either their degradation in lysosomes, or recycling to the plasma membrane, respectively (Irannejad et al., 2015) . The balance between degradation and recycling dictates the outcome of signals initiated at the plasma membrane with regard to the quality of elicited responses, such as cell proliferation and survival. Furthermore, endosomes also serve as physical platform for signal transduction (Pálfy et al., 2012) . For example, endosomal epidermal growth factor receptors (EGFRs) contribute significantly to the overall EGFR signaling capacity (Fortian and Sorkin, 2014) . Moreover, endosomes in T cells contain several key TCR signaling molecules (Benzing et al., 2013) , whose activities are important for sustained TCR signaling and cell growth (Yudushkin and Vale, 2010; Willinger et al., 2015) . Therefore, an important question is how endosomal signaling is terminated (Irannejad et al., 2015) . One well-established mechanism is by sorting of activated receptor complexes into MVBs, mainly mediated by the endosomal sorting complex required for transport (ESC RT). In addition to ESC RT, collective evidence indicates that lipids also play key roles in MVB generation. For example, LBPA and ceramide induce membrane bending to promote formation of ILVs (Matsuo et al., 2004; Trajkovic et al., 2008) . Interestingly, we found that the level of LBPA is increased upon TCR stimulation, which is correlated with the elevated number of MVBs in activated T cells that we identified by electron microscopy. Furthermore, our work shows that lack of TMEM16F greatly reduces LBPA abundance only in activated T cells but not in resting cells, emphasizing an actively regulated process mediated by TMEM16F. However, it is not known if LBPA is the only driving force for ILV generation or whether it needs the cooperation of other lipids or proteins. A previous study using liposome assays showed that lipid composition affects the efficiency of ESC RT-mediated membrane scission during ILV generation (Wollert et al., 2009) , indicating that ESC RT and locally enriched lipids might cooperatively control MVB formation. In addition, asymmetric distribution of lipids generates curvature during endosome trafficking and autophagosome formation (Hailey et al., 2010; Xu et al., 2013) , a principle that can be applied to ILV generation as well. Collectively, we propose that TMEM16F might locally regulate lipid redistribution in the endosomal membrane, which is able to modify the biophysical properties of the membrane for subsequent deformation (Stachowiak et al., 2013) . In this context, we show that in the absence of TMEM16F, de novo generation of ILVs and MVBs is hampered, leading to accumulation of TCR signaling molecules and T cell activation that proceeds without restraint (Fig. S5) .
Lastly, we demonstrate that TMEM16F functions as an essential factor to restrict persistent infection with virus. It is known that continuous antigenic stimulation suppresses T cell activation in chronic viral infection (Staron et al., 2014) . Our work reveals that TMEM16F plays a critical role in this process, as TMEM16F-deficient T cells are not able to curb proliferation in vivo. In addition, suppression of T cell responses during chronic viral infection was shown to protect the host from immunopathology (Ou et al., 2008) . Surprisingly, overactivation of T cells in TMEM16F deficiency does not affect mortality, but instead results in severe T cell exhaustion and defective antiviral responses, highlighting the sophisticated control of T cell responses in vivo. Significant advances have been made recently to better understand T cell exhaustion. It is commonly accepted that exhausted CD8 T cells still retain partial effector functions, which are crucial to restrain viral infection (Paley et al., 2012; Staron et al., 2014) . In particular, the presence of T-bet hi precursors in the exhausted population enables effective immunotherapy, owing to the fact that mainly T-bet hi cells have the potential for reinvigoration after PD-1 pathway blockade (Blackburn et al., 2008) . Remarkably, the presence of TMEM16F is a prerequisite for the maintenance of T-bet hi cells during chronic infection, introducing TMEM16F as novel immune checkpoint to allow for a well-balanced immune response ( Fig. S5) . Ultimately, we propose targeting of TMEM16F to enhance its function to avoid exhaustion or reinvigorate T cell responses, thus enabling therapeutic strategies to improve efficacy of anti-PD-1 treatment against chronic diseases such as viral infection or cancer.
MAtErIAls And MEtHods Mice

Generation of TMEM16F
−/− mice has been reported previously (Ehlen et al., 2013) . WT littermate mice were used as control. WT and TMEM16F
−/− mice were crossed to P14 TCR-transgenic animals. P14 TCR-transgenic mice were a gift from U. von Andrian (Harvard Medical School, Boston, MA). Rag1
−/− mice were purchased from the The Jackson Laboratory. All animal procedures were approved by the Institutional Animal Care and Use Committee at Harvard Medical School. supplemented with 10% FBS, 2 mM l-glutamine, 50 µM β-mercaptoethanol (β-ME), 10 U/ml penicillin/streptomycin, 1 mM sodium pyruvate, and 100 mM Hepes. MC57G and 293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 2 mM l-glutamine, 10 U/ml penicillin and streptomycin, and 1 mM sodium pyruvate. All cell culture reagents were obtained from Life Technologies unless otherwise noted.
Plasmids PMX-TMEM16F-RFP was provided by S. Nagata (Kyoto University, Kyoto, Japan). TMEM16F-RFP fusion cDNA was subcloned into pHAGE2 lentiviral vector under control of the tetracycline-responsive element (TRE) promoter (a gift from D. Rossi, Boston Children's Hospital, Boston, MA). This vector harbors a human NGFR reporter separated by a P2A peptide fused in-frame upstream of TMEM16F-RFP. LAT-YFP was a gift from L.E. Samelson (National Institutes of Health [NIH] , Bethesda, MD). PHR-mCherry-tSH2 (ZAP70), GFP-Rab5, GFP-Rab7, and GFP-Rab11 were obtained from Addgene. PLKO.1-Thy1.1 was provided by K. Wucherpfennig (Dana Farber Cancer Institute, Boston, MA). shRNA hairpin (TRCN0000134710) for human TMEM16F was obtained from the Sigma Mission library (Sigma-Aldrich). Results are displayed as mean ± SEM. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant, using Student's t test. Data are representative of three experiments.
Nontarget shRNA hairpin was used as a negative control (SHC002; Sigma-Aldrich). shRNA hairpins were subcloned into pLKO-Thy1.1 lentiviral vector using BamHI and NdeI.
Ps exposure PS exposure assay was performed as previously reported (Suzuki et al., 2010) . In brief, cells were treated with 1 µM A23187 (Sigma-Aldrich) in Ca 2+ -free HBSS buffer (Life Technologies) at 37°C for 15 min. After washing once with ice-cold HBSS buffer, cells were stained with FITC-Annexin V (eBioscience) together with fluorochrome-conjugated antibodies on ice for 15 min. Cells were washed and analyzed by flow cytometry.
Flow cytometry
The following antibodies were used for flow cytometry: CD8 (cat. no. 553035), B220 (553088), CD44 (553133), CD3ε (553066), and CD25 (102012) were purchased from BD; CD4 (cat. no. 100531), CD8 (100705), IFN-γ (505826), IL-2 (503808), T-bet (644808), Thy1.1 (202508), PD-1 (109109), CD45.1 (110722), and human NGFR (345108) were obtained from BioLegend; PD-1 (cat. no. 50-2073-82), FoxP3 (12-5773-82), TNF (17-7321-81), and Eomes (51-4875-82) were purchased from eBioscience.
Viability dye (eBioscience) or propidium iodide (PI; Sigma-Aldrich) were used in all experiments to exclude dead cells. For surface antigens, cells were stained with antibody cocktail in FACS buffer (PBS containing 0.5% BSA) on ice for 30 min. For intracellular cytokine staining, cells were stimulated with antigen or PMA (50 ng/ml) and Ionomycin (500 ng/ml; Sigma-Aldrich) for 3-5 h in the presence of GolgiStop (BD) before surface antigen staining. Next, cells were fixed and stained for cytokines using Cytofix/Cytoperm kit (BD) according to the manufacturer's protocol. Staining of FoxP3, T-bet, and Eomes was performed using Foxp3/ Transcription Factor Staining Buffer set (eBioscience) per the manufacturer's instructions. Cells were processed using FAC SCanto II (BD). All flow cytometry data were analyzed with FlowJo (Tree Star).
Immunoblot
Cells were lysed in loading buffer (62.5 mM Tris-HCl, 2% [wt/vol] SDS, 10% glycerol, and 0.01% β-ME [wt/vol]). For phosphorylation analysis, 10 6 splenocytes from P14-WT or P14-TMEM16F −/− mice were stimulated with GP33 for indicated time periods. Stimulation was terminated by adding 2× loading buffer (125 mM Tris-HCl, 4% [wt/vol] SDS, 20% glycerol, and 0.02% β-ME [wt/vol]). After boiling for 5 min, whole-cell lysates were separated via SDS-PAGE, transferred to nitrocellulose membrane (Bio-Rad Laboratories), and stained with primary antibodies, followed by HRP-labeled anti-mouse IgG (Santa Cruz Biotechnology, Inc.) or anti-rab- bit IgG (ab6721; Abcam), and then visualized with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific). To detect TMEM16F expression, lysate from the same number of WT or TMEM16F −/− thymocytes was used for loading. Antibody for TMEM16F was kindly provided by Lily Jan (University of California, San Francisco, San Francisco, California; Yang et al., 2012) . Antibodies used in the experiments were: phospho-LAT (07-278; Merck Millipore), LAT (sc-7948; Santa Cruz Biotechnology, Inc.), phospho-Erk1/2 (4377; Cell Signaling Technology), Erk1/2 (C4695; Cell Signaling Technology), and β-actin (ab8227; Abcam). calcium flux assay Splenocytes were stained with Ca 2+ indicator dyes Fura Red and Fluo-4, stained for CD4 and CD8, and resuspended in serum-free RPMI. EGTA (0.5 mM) was added to cell suspensions to chelate extracellular Ca 2+ in RPMI (0.4 mM Ca
2+
). Splenocytes prestained with biotinylated anti-CD3 (5 µg/ml) were treated with streptavidin (20 µg/ml), followed by CaCl 2 . Intracellular Ca 2+ amounts were shown as a median ratio of Fluo-4/Fura Red over time.
tIrF microscopy Sample preparation for TIRF microscopy was performed as previously reported with minor modifications (Bunnell et al., 2003) . In brief, 0.01% poly-l-lysine-pretreated glass coverslips were coated with 10 µg/ml αCD45 (cat. no. 304002; BioLegend) or αCD3 (317326; BioLegend) in PBS overnight at 4°C, or 2 h at 37°C. Jurkat cells were either transduced with TMEM16F-RFP lentivirus, or transfected with plasmids encoding indicated proteins by electroporation (Amaxa). Cells were then seeded on αCD45 or αCD3-coated coverslips containing imaging buffer (1.25 ml Hepes [1 M], 10 ml FBS, and 38.75 ml RPMI without phenol red) and placed in an open perfusion chamber with a humidified environment at 37°C, 5% CO 2 (20/20 Technology). When inhibitors were used, cells were pretreated with 1 µM nocodazole or 1 µM blebbistatin (Sigma-Aldrich) for 30 min, and then washed extensively before proceeding with TIRF. Unless otherwise indicated, images were taken every 2 s for 5 min. TIRF microscopy was done as previously reported (Cocucci et al., 2014) . In brief, the software used to control the system was SlideBook V5.0 (Intelligent Imaging). Images were acquired using a MarianaTD system based on an Axiovert 200M microscope equipped with an Alpha Plan-Apo 100x objective (1.46 NA; ZEI SS), a TIRF slider with manual angle and focus controls (ZEI SS), and a spherical aberration correction system (Infinity Photo-Optical). The incidence angle of the excitation light on the coverslip was adjusted to generate an evanescent field with a penetration depth of 100-200 nm.
Jurkat-raji conjugates and confocal microscopy Raji cells were incubated for 2 h with 1 µg/ml of staphylococcal enterotoxin E (SEE; Toxin Technology) at 37°C. After extensive washing, 10 5 Raji cells were mixed with 10 5 Jurkat cells and plated onto poly-l-lysine-coated coverslips in 24-well plates, incubated for 30 min at 37°C, and then fixed with 2% paraformaldehyde (PFA). To determine the localization of TMEM16F, reporter (TMEM16F-RFP) or TCR-β were used to distinguish Jurkat from Raji cells. For immunofluorescence assays, samples were permeabilized with 0.1% Triton X-100, blocked with 10% FBS plus 2% goat serum in PBS, and stained for TCR-Vβ8 (cat. no. 555604; BD), followed by Alexa Fluor 555-conjugated goat anti-mouse IgG2b secondary antibody (A-21147; Life Technologies). All samples were mounted with ProLong Gold Antifade Mountant with DAPI (Life Technologies). Images were taken using a FV1000 confocal microscope with a water objective lens (UPlanAPO 60×; NA 1.20; Olympus). For 3D and z-axis image reconstruction, 20 confocal sections, 0.4 µm apart, were assembled using ImageJ/Fiji software (NIH).
lentivirus production, titration, and transduction Lentiviral vectors were purified using GenElute HP Plasmid kits (Sigma-Aldrich). For lentivirus production, 293T cells were seeded in 10-cm cell culture dishes. The next day, cells were transfected with a mixture of 45 µl TransIT-293 Transfection Reagent (Mirus), and 15-µg packaging plasmids. For shRNA, 7.5 µg pLKO-Thy1.1-shRNA hairpins, 6.75 µg PAX2, and 0.75 µg pCMV-VSVG were used for transfection. For TMEM16F-RFP, 12 µg pHAGE2 vector, 0.6 µg tat, 0.6 µg rev, 0.6 µg gag/pol, and 1.2 µg VSV-G were used for transfection. Lentivirus-containing supernatant was collected at 24, 48, and 72 h after transfection, passed through 0.45-µm filter (Millipore), and subsequently concentrated by ultracentrifugation at 17,000 rpm for 90 min. The virus pellet was dissolved in PBS. Lentivirus stock was titrated on Jurkat cells using Thy1.1 (for shRNA) or human NGFR (for TMEM16F-RFP) as a reporter. In brief, 1.5 × 10 4 Jurkat cells were co-cultured with serial dilutions of virus stock for 48 h in round-bottom 96-well plates. Infection rate was determined by flow cytometry analysis for reporter expression. The concentration of lentivirus was calculated using the following formula: virus/ml = percent infection (90% = 0.9) × cell number (15,000) × 1,000/X μl (where X is volume of virus added). The titer of lentivirus stocks was on average 10 7 -10 8 infection U/ml. For transduction, target cells were infected with multiplicity of infection (MOI) 1 in the presence of 8 µg/ml polybrene (Sigma-Aldrich). To induce TMEM16F-RFP expression, 1 µg/ml doxycycline (Sigma-Aldrich) was added to culture medium 1 d before analysis. Transduction efficiency for lentivirus was >98% for all experiments.
rnA extraction and real-time Pcr Total RNA was extracted with TRIzol (Life Technologies) according to the manufacturer's instructions. High Capacity RNA-to-cDNA kit (Applied Biosystems) was used for reverse transcription of purified RNA. All of the gene transcripts were quantified by real-time PCR with SYBR Green Master Mix (Bio-Rad Laboratories) and a 7300 Real-Time PCR System (Applied Biosystems). The relative fold induction was calculated by the 2 −ΔΔ cycle threshold (CT) method. The sequences of primers for real-time PCR are: human TMEM16F, forward, 5′-GAA GAA CAA GCC CGA CCA GA-3′; human TMEM16F, reverse, 5′-CCA CCT GGG TCA CAC TCT TC-3′; human GAP DH, forward, 5′-TGG GCT ACA CTG AGC ACC AG-3′; and human GAP DH, reverse, 5′-GGG TGT CGC TGT TGA AGT CA-3′. lBPA staining LBPA staining was performed as previously reported with minor modifications (Varma et al., 2006) . In brief, Jurkat cells were stimulated on 10 µg/ml αCD45 or αCD3-coated coverslips for 5 min, and then fixed with 2% PFA for 30 min at room temperature. Cells were then blocked with 0.1% BSA for 30 min and stained with anti-LBPA antibody (cat. no. Z-PLB PA; Echelon Biosciences) at 4°C overnight in the presence of 0.05% saponin (Sigma-Aldrich), followed by Alexa Fluor 488-conjugated goat anti-mouse IgG1 secondary antibody (A-21121; Life Technologies). Samples were mounted in ProLong Gold Antifade Mountant with DAPI.
transmission electron microscopy For T cell stimulation, 2 × 10 6 /ml Jurkat T cells were incubated with 10 µg/ml biotin-conjugated anti-human CD3ε antibody (BioLegend), followed by cross-linking with 20 µg/ml streptavidin (Cell Signaling Technology) for 10 min at 37°C. Stimulation was stopped by adding the same volume of 2× fixative (2.5% glutaraldehyde, 1.25% paraformaldehyde, and 0.03% picric acid in 0.1 M sodium cacodylate buffer, pH 7.4). Cells were spun down at 1,500 rpm for 5 min. The cell pellet was fixed for 2 h at room temperature in the fixative, washed in 0.1 M cacodylate buffer, and postfixed with 1% osmium tetroxide (OsO 4 )/1.5% potassium ferrocyanide (KFeCN 6 ) for 1 h, washed in water, and incubated in 1% aqueous uranyl acetate for 1 h. Cells were subsequently dehydrated in grades of alcohol (10 min each; 50%, 70%, 90%, 2 × 10 min 100%). The samples were then put in propylene oxide for 1 h and infiltrated overnight in a 1:1 mixture of propylene oxide and TAAB epon (Marivac Canada Inc.). The next day, the samples were embedded in TAAB epon and polymerized at 60°C for 48 h. Ultrathin sections (60 nm) were cut on a Reichert Ultracut-S microtome (Leica), transferred onto copper grids, stained with lead citrate, and examined in a JEOL 1200EX transmission electron microscope (JEOL) or a Tecnai G2 Spirit BioTWIN (FEI). Images were recorded with an AMT 2k CCD camera.
Image processing
All images were processed using ImageJ/Fiji software. For tracking of TMEM16F reaching the IS, TMEM16F-positive spots were examined using the Trackmate plug-in on Fiji. The number of TMEM16F-positive spots was plotted using Prism 6.0. Quantifications of LBPA-positive vesicles, LAT-GFP, and SH2-ZAP70-mCherry were done similarly. Intensity of SH2-ZAP70-mCherry was determined using intensity versus time plug-in. For the co-localization of TMEM16F and Rab proteins, fluorescence intensity for each protein was measured on a line manually drawn along TMEM16F-positive vesicles, and values (pixel) were plotted. For Pearson's correlation analysis of the spatial relationship between TMEM16F and Rab proteins, six to seven movies (each has at least 300 frames) were used to determine the correlation coefficient (r) using the JACoP plug-in. lcMV infection and virus titer 6-12-wk-old adult mice were i.v. infected with 4 × 10 6 pfu of LCMV clone 13 (a gift from J. Wherry, University of Pennsylvania, Philadelphia, PA). LCMV titer in serum and tissue homogenates was determined by focus assay. In brief, MC57G cells were cultured in the presence of serially diluted samples for 48 h. Cell monolayers were fixed with 10% formalin (Sigma-Aldrich) in PBS, permeabilized by 1% Triton X-100, and then stained with anti-LCMV antibody VL-4 (cat. no. BE0106-R005mg; Bio X Cell) and peroxidase-linked secondary antibody (Jackson ImmunoResearch Laboratories). Plates were developed with SIG MA FAST OPD tablet (Sigma-Aldrich) at room temperature for 15-30 min. The reaction was terminated by washing the plates five times with distilled water.
Peptides and tetramers
Peptides for LCMV antigens GP33 (KAV YNF ATM), GP276 (SGV ENP GGY CL), NP396 (FQP QNG QFI), and GP61 (GLN GPD IYK GVY QFK SVE FD) were purchased from AnaSpec. PE-conjugated H2D b GP33-KAV YNF ATM and I-A b LCMV GP66-77 tetramers were provided by the NIH Tetramer Facility (Atlanta, GA).
In vivo Brdu incorporation
Mice were given 2 mg BrdU (Sigma-Aldrich) i.p. 20-24 h before tissue harvest and analysis. BrdU incorporation was evaluated by flow cytometry using the BrdU Flow kit (BD) following the manufacturer's instructions.
BM chimera BM was prepared from tibias and femurs of WT (CD45.1) and TMEM16F
−/− mice (CD45.2). Recipient Rag1 −/− mice were sublethally irradiated (450 rad) and reconstituted with either 3 × 10 6 WT or TMEM16F −/− , or a 1:1 mixture of WT and TMEM16F
−/− BM cells. Recipient mice were treated with 2 mg/ml neomycin (Sigma-Aldrich) in drinking water for 4 wk. 8-12 wk after BM transfer, mice were infected with 4 × 10 6 LCMV clone 13 i.v.
statistical analyses
All data are presented as means and SEM. The statistical significance of differences was calculated by two-tailed Mann-Whitney test using Prism 6.0 (GraphPad Software). P ≤ 0.05 was considered significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).
online supplemental material Fig. S1 shows that TCR-induced calcium flux is independent of TMEM16F. Fig. S2 demonstrates normal T cell development in TMEM16F deficiency. Fig. S3 shows the T reg cell population in TMEM16F-KO and control mice during LC-MV-C13 infection. Fig. S4 shows the expression of type I IFN in TMEM16F-KO and control mice during LCMV-C13 infection. Fig. S5 presents a mechanistic model. Video 1 shows dynamic recruitment of TMEM16F to the IS. Video 2 displays that disruption of microtubules, but not actin-myosin contractions, blocks the recruitment of TMEM16F to the IS. Video 3 illustrates that TMEM16F mainly resides in a Rab7-positive late endosomal compartment. Video 4 shows that TMEM16F is not localized in Rab5-positive early endosomes. Video 5 demonstrates that TMEM16F is not localized in Rab11-positive recycling endosomes. Video 6 illustrates sustained TCR phosphorylation in the absence of TMEM16F. Video 7 shows enhanced and sustained formation of LAT microclusters, indicating hyperactivation of T cells when TMEM16F is lacking.
